The carbohydrate-binding properties of the Datura stramonium seed lectin were studied by equilibrium dialysis, quantitative precipitation of natural and synthetic glycoproteins, and hapten inhibition of precipitation. The dimeric lectin (M,. = 86,000) possesses two carbohydrate-binding sites for N,N',N",N'"-tetraacetylchitotetritol/mol protein, with an apparent K, = 8.7 X lo3 M-' at 4°C. Whereas fetuin and orosomucoid reacted poorly with the Datura lectin, the asialo derivatives of these glycoproteins gave strong precipitation with the lectin. Carcinoembryonic antigen, type 14 pneumococcal capsular polysaccharide, and bovine serum albumin, highly substituted with N,N'-diacetylchitobiose units, also precipitated the lectin. Of the homologous series of chitin oligosaccharides tested, N,N',N"'-triacetylchitotriose was over 6-fold more potent than the disaccharide (N,N'-diacetylchitobiose) which, in turn, was 90 times more reactive than N-acetyl-D-glucosamine.
N-Acetyllactosamine [P-D-Gal-(1 -4)-D-GlcNAc] was also a potent inhibitor of Datura lectin being equivalent to N,N'-diacetylchitobiose. The requirement for an N-acetyl-D-glucosaminyl unit linked at the C-4 position was established. The biantennary pentasaccharide (penta-2,6) was a 500-fold more potent inhibitor than N-acetyllactosamine, suggesting that it might interact with both saccharide-binding sites of the Datura lectin simultaneously.
The seeds of Datura strum&urn (jimson The purified lectin appeared homogeneous weed or thorn apple) contain a lectin which by sedimentation analysis, gel filtration, specifically binds p-(1 -4)-linked oligoelectrophoresis under both native and demers of N-acetyl-D-glucosamine (1, 2) . It naturing conditions, and immunoelectrohas been partially purified by affinity phoresis; the 32,000-d protein which has chromatography on fetuin-Sepharose (3), contaminated all previously reported lectin ovomucoid-Sepharose (4), glutaraldehydepreparations was not detected. The Datura fixed erythrocytes (5, 6) , and on an insollectin, a dimeric glycoprotein composed of uble polysaccharide mixture from Aspertwo nonidentical subunits (Mr 40,000 and gillus niger mycelia (7) . A recent report 46,000) joined by disulfide bonds (3, 4, 8 , from this laboratory (8) described the pu-9), contains 37% carbohydrate by weight, rification of the Datura lectin on an N,N'-of which 93% is arabinose and 7% is gadiacetyl+-chitobioside-Sepharose column. lactose (4, 8, 9) . were synthesized by the method of Osawa (10) . pNitrophenyl-a-n-GlcNAcp3 was purchased from Vega Biochemicals, Tucson, Arizona; pnitrophenyl-/3-D-Galp was purchased from Koch-Light Laboratories, Colnbrook Bucks, England. pNitropheny1 @-D-GlcNAcp was available in this laboratory from prlevious studies. Per-N-acetylated chitobiose and chitotriose were prepared in this laboratory by acetolysis of chitin (11) by Dr. R. Kaifu. The corresponding l-chloro-and P-methyl-derivatives were synthesized according to the method of Dahlquist and Raftery (12) . Methyl fl-ehitobioside octaacetate was O-and N-deacetylated by treatment with anhydrous hydrazine at 100°C for 72 h (13) . The chitobioside was re,acted with S-ethyltrifluorothioacetate (14) 
; nona I; nona II; undeca; Hexa-3,6; and aryl penta-2,6. N-Ace-
and methyl 3-@methyl&n-GlcNAcp were synthesized by Nike Plessas of this laboratory. Methyla-D-GlcNAcp and 3,6-di-0-(P-o-GlcNAcp)-D-Galp were available in this laboratory from previous studies.
Glycoproteins and polysaccharides. D. stramonium seeds were obtained from the Matthaei Botanical Gardens, University of Michigan. Datura lectin was purified according to the method described previously a Abbreviations used: GlcNAcp, N-acetylglucosamine pyranose; GlcN, glucosamine; PBS, phosphatebuffered saline; BSA, bovine serum albumin. (8) . Carcinoembryonic antigen, S-14 pneumococcal polysaccharide, and orosomucoid were available in this laboratory from previous studies. Fetuin was purchased from Gibco, Grand Island, New York.
Sialic acid was selectively removed from fetuin and orosomucoid by treatment at 80°C for 1 h in 0.1 N sulfuric acid (19) . Desialation was determined using the thioharbituric acid assay of Warren (20) . The pentultimate galactose residues was removed by treatment of the asialoglycoprotein with bovine testicular fl-galactosidase, prepared by Diane Blake in this laboratory according to the method of Distler et aL, (21) . The glycoprotein was incubated with P-palactosidase (l/2 unit/ml reaction volume) in 0.1 M citrate buffer, pH 4.5, for 6 h at 37°C. An aliquot of the reaction mixture was analyzed for free galactose using a galactose dehydrogenase assay (22) . The @-galactosidase was removed by applying the reaction mixture to an affinity matrix of agarose-P-l-thiogalactoside obtained from Dr. Jourdian of this Department. The @-galactosidase binds to the matrix at pH 5, and can be eluted at pH 7.5.
Precipitin and hop&n inhibition readions. Precipitin reactions were conducted as described by So A number of glycoproteins and glycoconjugates containing terminal and/or internal N-acetyl-D-glucosamine residues were examined for their ability to form a precipitate with the Datura lectin. The lectin did not precipitate any synthetic glycoconjugates in which simple monosaccharides had been linked to bovine serum albumin (BSA). It did react with p-azophenyl N,N'-diacetyl-&chitobioside-BSA, but only if the degree of substitution on BSA was high. A sample containing 5 disaccharide units per mol BSA was not precipitated by Datura lectin, whereas a sample with 17 residues per mol BSA did form a precipitate. By contrast, wheat germ agglutinin and potato lectin were able to precipitate both samples. Shier's antigen A (24) , which contains N,N'-diacetylchitobiose glycosidically linked to poly-L-asparatate via asparaginyl bonds, did not precipitate the Datura lectin, presumably because of the low degree of substitution (13%). Other biopolymers found to be nonreactive with Datura lectin include ethylene glycol chitin, a soluble derivative of chitin in which some of the C-6 hydroxyl groups had been modified to the corresponding hydroxyethyl ethers; keratan sulfate, which is composed of repeating units of 3)-@-D-galactosyl-(l -4)-/3-N-acetyl-D-glucosamine-6-sulfate-(l +;
and P-DGlcNAc-(1 -6)-D-Gal-BSA (21 residues/ mol BSA).
Several glycoproteins containing internal N-acetyl-D-glucosamine residues were shown to precipitate with Datura lectin. rcinoembryonic antigen (CEA), a tumorassociated antigen composed of 50% carbohydrate of which a high proportion are B-(1 -4) linked N-acetyl-D-glucosamine residues (25) , reacted strongly with Datura lectin. Pneumoc0ccu.s type 14 capsular polysaccharide, which consists of tetrasaccharide repeating units of the form (26),
also reacted strongly with Datura lectin. The reactivity of Datura lectin with fetuin and orosomucoid, and their asialo and asialoagalacto analogs, is shown in Fig. 2 . Fetuin and orosomucoid were subjected to mild acid hydrolysis, resulting in liberation of 92 and 93% of the sialic acid, respectively. Subsequent treatment of the asialoproteins with bovine testicular /3-galactosidase resulted in removal of 93 and 78% of the galactosyl residues from fetuin and orosomucoid, respectively. Datura lectin reacted only weakly with both fetuin and orosomucoid. Desialation of the parent glycoproteins rendered them much more reactive towards precipitation with Datura lectin. It is apparent from these results that the presence of sialic acid interferes with the precipitation.
This could be due to steric interference and/or nonspecific charge effects.
Removal of the galactosyl residues from asialofetuin resulted in a 50% decrease in 
Inhibition of Datura Lectin-Asialofetuin
Interaction by Low-MolecularWeight Sugars
The carbohydrate-binding specificity of the Datura lectin was probed by sugar inhibition of the lectin-asialofetuin precipitation system. When plotted as percentage inhibition versus the inhibitor concentration on a logarithmic scale, typical sigmoidal inhibition curves were obtained (Fig. 3) . The inhibitors tested, and the concentrations required for 50% inhibition by each hapten, are listed in Tables I and II Fig. 4 . Table I for the per-N-acetylated chitodextrins are in agreement with this earlier work. N-Acetyl-D-glucosamine was a very poor inhibitor, being go-fold less potent than the corresponding disaccharide. The inhibitory power increased with increasing chain length up to the trisaccharide; N,N,N"-triacetylchitotriose was 6 times more inhibitory than N,N'-diacetylchitobiose, and N,N',N",N"-tetraacetylchitotetraose was nearly equivalent to the trisaccharide in inhibitory power, suggesting that the carbohydrate-binding site can accommodate three sugar residues.
Reduction of the chitin oligomers with sodium borohydride gave the corresponding alditols, containing one less intact sugar ring thlan the parent compound. This resulted in the reduction of inhibitory potency to that of the next lower homolog. The reduced disaccharide did not inhibit at the highest concentration tested (8 mM), and the reduced trisaccharide was approximately lo-fold poorer than N,N',N"-triacetylchitotriose, but only 1.7 times poorer than N,N'-diacetylchitobiose. The reduced tetrasaccharide inhibited to almost the same extent as the parent sugar and was of equal potency to N,N',N"-triacetylchitotriose.
These findings indicate that the open-chain alditol portion of the reduced sugars does not contribute significantly to blinding to Datura lectin, and also support the hypothesis that Datura lectin contains three subsites, and thus optimally bind.s N,N',N"-triacetylchitotriose.
Comparison of the chitin oligomers with their corresponding methyl P-glycosides indicated that the methyl group did not influence binding of the sugar by the protein. In contrast, the presence of the aromatic p-nitrophenyl aglycone had a marked effect on the inhibitory activity of the saccharides. pNitropheny1 P-D-GlcNAcp was 20 times more inhibitory than N-acetyl-D-glucosamine. pNitropheny1 N,N'-diacetyl-fi-chitobioside was 10 times more potent an inhibitor than N,N'-diacetylchitobiose, but little enhancement of pnitrophenyl N,N',N"-triacetyl-P-chitotrioside relativle to the parent sugar was observed. Thus, the p-nitrophenyl derivatives of N,N'-diacetylchitobiose and N,N',N"-triacetylchitotriose were equally good inhibitors, being equivalent to N,N',N",N"'-tetraacetylchitotetraose.
The lack of inhibition by pnitrophenyl P-D-galactoside indicates the necessity for an N-acetyl-Dglucosamine residue. modified. Replacement of the N-acetamido group with an N-trifluoroacetamido or an N-propionamido group had no effect on the inhibitory potency of the sugar. In contrast, the N-benzamido-derivative did not inhibit at the highest concentration tested (4 mM); limited solubility prevented it from being studied at higher concentrations. The 2-amino-2-deoxy-derivative (p-D-G~cNAc- (1 -4)-D-GlcN) was a twofold poorer inhibitor than the parent N,N'-diacetylchitobiose. However, P-D-G~cNAc-( 1 -4)-DGlc was not an inhibitor (28% at 50 mM), indicating that the -NH, group at C-2 of the reducing sugar is important in binding. With the exception of the bulky N-benzamido derivatives, inhibitory potency is increased when the amino group is present as an amide linkage.
The importance of the acetamido group for binding to Datura lectin was further investigated using disaccharide inhibitors in which both N-acetyl groups had been modified. Methyl NJ'-ditrifluoroacetyl+ chitobioside and methyl N,N'-dipropionyl-/3-chitobioside were approximately 3.5 and 4.3 times poorer inhibitors respectively than methyl N,N'-diacetyl+chitobioside. Chitobiose (/3-D-GlcN-(1 -4)-D-GlcN), with two free -NH,+ groups, was not an inhibitor at the highest concentration tested (12 mM).
Disaccharides containing p-(1-6) linkages were poor inhibitors;
,&D-G~cNAc-(1 + 6)-Gal was equivalent to the monosaccharide N-acetyl-D-glucosamine in its ability to inhibit the precipitation reaction. The dissacharide D-Gal-(1 -6)-D-GlcNAc did not inhibit at the highest concentration tested (32 mM). Also noninhibitory were By far the most potent inhibitors tested were the synthetic oligosaccharides (Fig.  4, Table II) , which correspond to portions of the tetraantennary structure of N-acetyllactosamine-type glycoproteins. The best inhibitor was Penta-2,6 (2.5 PM), which was 1000 times more potent than N,N'-diacetylchitobiose, and almost lo5 times more potent than N-acetyl-D-glucosamine. Nona II, a triantennary oligosaccharide not found in nature, and Undeca, a tetraantennary oligosaccharide, were nearly equivalent to Penta-2,6 in inhibitory potency (4.6 and 6.4 PM, respectively). It is noteworthy that the Penta-2,6 unit is a structural component of both these oligosaccharides (Nona II and Undeca). Penta-2,4, Nona I (which contains a Penta-2,4 group moiety), and Hexa-3,6 were of similar inhibitory potency, and approximately 25-50 times less potent than Penta-2,6. The heptasaccharide was 186 times less potent as an inhibitor than Penta-2,6, and only 4.4 times more potent than N&V-diacetylchitobiose. DISCUSSION We rationalize the results of our hapten inhibition studies between the D. stramonium lectin and naturally occurring and chemically modified mono-and oligosaccharides as follows: the binding site of D. stramonium is composed of three subsites, designated A, B, and C (Fig. 5) , a situation reminiscent of wheat germ agglutimin (28) and the potato lectin (29, 30) . A disaccharide can potentially bind to the lectin in two ways, occupying subsites A and B, or subsites B and C. We propose that the minimal requirements for binding include an equatorial acetamido group at C-2 of the sugar occupying subsite B; an amino group at C-2 of the sugar greatly diminishes its binding affinity. Additionally, the sugar occupying subsite B must be present in a p- (1 -4) linkage. There is considerable freedom in the allowed configuration of the sugar occupying subsite A. An N-acet-
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Gal ( Although consistent with the hapten inhibition results, this model is obviously limited by the availability of structurally relevant compounds. To further define the important structural features involved in binding site interactions, further oligosaccharides must be tested. For example, all of the sugars tested contained an equatorial hydroxymethyl group at C-6 and an equatorial hydroxyl group at C-4. Modification of these groups would be expected to yield important information about the specificity requirements of the D. stramonium binding site.
The nature of the interaction between Datura lectin and the aromatic aglycone portion of a given sugar also remains unclear. Hapten inhibition studies indicated that the pnitrophenyl glycosides of N-acetyl-D-glucosamine and its B-(1 -4) linked oligomers were potent inhibitors.
The in- hibition was specific, inasmuch as pnitrophenyl @-D-galactoside was a noninhibitor. In both uv difference spectroscopy and fluorescence spectroscopy, however (Crowley and Goldstein, unpublished results), no specific perturbations of the aglycone could be detected. In addition, no positive peak in the uv difference spectrum at 295 nm was observed with the p-nitrophenyl glycoside, as is seen when free N,N'-diacetylchitobiose interacts with Datura lectin. We propose that a hydrophobic interaction occurs between the p-nitrophenyl aglycone of N-acetyl-D-glucosamine and N,N'-diacetylchitobiose, both of which exhibit enhanced binding compared to their parent sugars, and a region on the Datura lectin between subsites B and C. According to this scheme (Fig. 5 ) the monomer would occupy subsite B and the dimer subsites A and B, respectively. This would also account for the fact that both p-nitrophenyl N,N',N"-triacetyl-P-chitotrioside and pnitrophenyl P-D-Gal-(1 --t 4)-/3-D-GlcNAc-(1 -2)-/3-D-Manp, which would occupy subsites A, B and C, showed no enhanced binding.
Additional information about the binding-site specificity of Datura lectin was obtained using a series of branched-chain oligosaccharides as inhibitors.
The structures of these oligosaccharides (see Fig. 4 ) correspond to portions of the tetraantennary structure of N-acetyllactosamine-type glycoproteins.
The most striking feature of these branched-chain oligosaccharides is their remarkably high inhibitory potency relative to the component di and tri units @-D-Gal-(1 -4)-D-GlcNAc, and P-D-Gal- Tables I, II) . Penta-2,6 in particular, as well as Nona II and Undeca, which contain a penta 2,6-moiety, were 2-3 orders of magnitude more potent inhibitors than N,N'-diacetylchitobiose.
Compounds containing a penta-2,4 or hexa-3,6 moiety were 25-50 times less potent. One explanation for these results is that a biantennary saccharide, such as Penta-2,6, could occupy both binding sites of Datura lectin simultaneously. Because the free energy of binding (AG) values are additive, and exponentially related to the Kd (dissociation constant) values, it follows that the simultaneous occupation of both binding sites would result in a large increase in affinity for that oligosaccharide. This hypothesis has also been suggested by Kronis and Carver (31) to account for the difference in binding affinity of WGA for simple sugars compared to glycoconjugates present on cell surfaces. For example, the Kd value for the binding of N,N',N",N"'-tetraacetylchitotetritol by Datura lectin, as measured by equilibrium dialysis, is 1.2 X 10e4 M (K, = 8.7 X lo3 M-l). From the hapten inhibition studies reported in this work, it was shown that N-acetyllactosamine is about a threefold poorer inhibitor than N,N',N",N'"-tetraacetylchitotetritol.
Therefore, the Kd for N-acetyllactosamine can be roughly approximated to be 4 X 1O-4 M, which corresponds to a AG value of -4.7 kcal/mol. The AG for binding two N-acetyllactosaminyl units would thus be -9.3 kcal/mol, which corresponds to a Kd value of 1.6 X 10m7 M. (If the Kd for a single N-acetyllactosaminyl unit was 1 X 10m3 M, the Kd for two such units would be 1 X lO-'j M). Thus, the simultaneous occupation of both lectin-binding sites can account for an increased association constant of 2-3 orders of magnitude. Indeed, penta-2,6 is approximately 500 times more potent an inhibitor than N-acetyllactosamine.
Furthermore, preliminary results obtained by uv difference spectroscopy indicate that the affinity constant for penta-2,6 is l-2 X lop6 M.
This study confirms our previous report (8) that the D. stramonium lectin is unique in binding N-acetyllactosamine with high affinity. Only one other agglutinin, the Dgalactose/N -acetyl -D -galactosaminebinding lectin present in Erythrina caystagalli seeds (32) , also interacts strongly with this disaccharide unit. It is indeed interesting that the Datura lectin appears to have the same specificity for the penta-2,6 oligosaccharide as leucoagglutinin (L-PHA), the L4 isolectin of the red kidney bean, Phaseolw vulgar& (33, 34) . Since Nacetyllactosamine is a structural component of many glycoproteins, reactivity with Datura lectin may have important implications regarding the use of Datura lectin as a biochemical tool.
This study also reports the high-affinity interaction of Datura lectin with several complex oligosaccharides. Preliminary results suggest that these biantennary oligosaccharides bind to both lectin-binding sites simultaneously.
This hypothesis is currently being tested in our laboratory. 
